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Some Motivation: Direct P in D — KK, nrr
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Background: Direct CP in D — KK,

For D — KK, 7w, tree and penguin with strong + weak phase
= direct CP.
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Background: Direct CP in D — KK,

For D — KK, 7w, tree and penguin with strong + weak phase
= direct CP.

—/_/U —/H
u u
q u
c c
q q
u q
In U-spin limit, g = (d,s) ~ 2 of SU(2Q)y =
~ Vo Vi T = £AT ~ —VVEP = X5(p— in)P
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Background: Direct AAcp

Direct CP asymmetry for CP definite final states
(D— f)—T(D— f)
(D—f)+T(D—f)

ACP(D — f) =
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Background: Direct AAcp

Direct CP asymmetry for CP definite final states
(D— f)—T(D— f)
(D—f)+T(D—f)

ACP(D — f) =

and
AAcp = Acp(D® — KTK™) — Acp(D® — 7t77)
P
= —4)\47 sin d sin ¢

R _(0.62 +0.21 £ 0.10)%
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Background: Direct AAcp

Direct CP asymmetry for CP definite final states
(D— f)—T(D— f)
(D—f)+T(D—f)

ACP(D — f) =
and
AAcp = Acp(D® — KTK™) — Acp(D® — 7t77)
P
= —4)\47 sin d sin ¢

R _(0.62 +0.21 £ 0.10)%

— P/T ~3 .
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Background: Direct AAcp

Direct CP asymmetry for CP definite final states
(D— f)—T(D— f)

Acp(D — ) = — .
ce( ) [(D— f)+T(D— f)
and
AAcp = Acp(D° = KTK™) — Acp(D° — ™)
P
= —4)\47 sind sin ¢
R _(0.62 +0.21 £ 0.10)%
— P/T ~3 .
Expect
c C P
pIT~ 28 o5 o Os(me) P P/T ~03 .
T as(mp) T g

4
Dean Robinson djr233@cornell.edu SU(3) Sum Rules /29‘



Background: Direct AAcp

Direct CP asymmetry for CP definite final states
(D— f)—T(D— f)

Acp(D — ) = — .
el ) =FD S A rD S
and
AAcp = Acp(D° = KTK™) — Acp(D° — ™)
P
= —4)\47 sind sin ¢
R _(0.62+0.21 +0.10)% s this new
/ physics?
= [P ~3 Or SM?
Expect
Cc Cc P
/T~ ) 015, orn O8I P
T as(mp) T g
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Today's Story

* A consistent picture of AAcp and other data can be obtained
within SM via approximate flavor SU(3) and QCD
non-perturbative effects. Need enhancement of SU{3) reduced
matrix elements. Can globally fit subset to larger space of
data. E.g. AU = 0 rule, and other schemes.
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Today's Story

* A consistent picture of AAcp and other data can be obtained
within SM via approximate flavor SU(3) and QCD
non-perturbative effects. Need enhancement of SU{3) reduced
matrix elements. Can globally fit subset to larger space of
data. E.g. AU = 0 rule, and other schemes.

o Patterns of SI{3] imply sum rules. What are they for the
"usual pattern" of SIK3] beyond leading order?
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Today's Story

* A consistent picture of AAcp and other data can be obtained
within SM via approximate flavor SU(3) and QCD
non-perturbative effects. Need enhancement of SU{3) reduced
matrix elements. Can globally fit subset to larger space of
data. E.g. AU = 0 rule, and other schemes.

o Patterns of SI{3] imply sum rules. What are they for the
"usual pattern" of SIK3] beyond leading order?

e Certain sum rules provide very sensitive tests of SI{3] (and
hence possibly NP) and predictions.
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Plan

® Some Motivation

e Warm-up: U spin and AU = 0 rule
® Flavor SU(3) picture

o Formalism

o Isospin Probes

o Rate sum rules

o Predictions
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Historic SU(3) data

Naive SIX3] parameter:
e=f/f, —1~02

NB: Defined at amplitude level.
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Historic SU(3) data
e Large SIK3):

‘M ~1~08 ~0O(1)

AD0—>7r+7r—
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Historic SU(3) data
e Large SIK3):

‘ADMK*K‘ ~1~08 ~0O(1)

AD°4}7F+7T_

* Expected SIK3):
|ADO~)K+7T_ /)\2

—-1~015 ~O
ADOAK—W‘* ‘ (6)
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Historic SU(3) data
e Large SIK3):

‘AD"%K*K‘ ~1~08 ~0O(1)

ADOA)ﬂ""ﬂ'_

* Expected SIK3):
2
|“W“ —1~015 ~O(e)
ADOAK—W‘*
e "U-spin Sum Rule":

‘ADO_>K+K7 /)\| + |.ADo_m+7rf /)\’

—1=0.04
|AD0ﬁK+ﬂ7/)\2‘ + ‘ADO‘)F+K7|

~ O(g?)
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Historic SU(3) data
e Large SIK3):

""M ~1~08 ~0O(1)

ADOA)ﬂ""ﬂ'_

* Expected SIK3):
|ADO*)K+7T_/)\2

—1~015 ~O
ADOAK—W‘* ‘ (6)
e "U-spin Sum Rule":

‘ADO_>K+K7 /)\| + |~AD0—>7r+7r* /)\’
| Apo_sktr— /A2 + | Apo_srik-|

—1=0.04
~ O(g?)

What's going on? Is this related to AAcp?
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Detour: Al =1/2 Rule

A similar problem arises in the K — 7m system: isospin 2
amplitudes are suppressed compared to isospin 0. Embed the
pions and kaons into isospin 1 and 1/2 irreps

(i) e (8)
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Detour: Al =1/2 Rule

A similar problem arises in the K — 7m system: isospin 2
amplitudes are suppressed compared to isospin 0. Embed the
pions and kaons into isospin 1 and 1/2 irreps

R

K*TIN must form a singlet with the Hamiltonian, so roughly

2 72 X
F/M/2 — 3/2
3

tree plus penguin pure tree \/g

. 2 1
’_ﬁ%;; »_,<%71/‘<; A(K5%7T+7T ):\/QX1/2+\/§X3/2

3
A(l{+ — 7T+TI'O) = §X3/2

H = Xi2H2 + X32H3)0 A(Ks — 27°) =
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Detour: Al =1/2 Rule

A similar problem arises in the K — 7m system: isospin 2
amplitudes are suppressed compared to isospin 0. Embed the
pions and kaons into isospin 1 and 1/2 irreps

R

K*TIN must form a singlet with the Hamiltonian, so roughly

2 2
H = Xi/2H1j2 + X3/ H3/5 A(Ks — 2n°) = fxl/z — —=Xa/2
| 3 NG
tree plus penguin pure tree
A(Ks = 777) \Fx v+ Lx
) =1/=
B _ 5 =7 32t R
V3
AKY = 7170 = §X3/2

Rule: Penguins are enhanced by QCD final state effects

X1/2/X3/2 ~ 22. 5
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AU = 0 Rule

® Embed final states into U-spin irreps
K™ o
() (F)-

H = XoHo + X1H;

e Hamiltonian
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AU = 0 Rule

® Embed final states into U-spin irreps
K™ o
() (F)-

H = XoHy + X1 Hs

e Extra ingredient: U-spin broken by strange quark mass spurion

1 0
ms—5<0 _1>~3

e Spurion produces a power series expansion order by order in
ms. le.

H = X()Ho + X1H1 + X(gl)(Hms)O + Xl(l)(HmS)l ipei )

e Hamiltonian
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AU = 0 Rule

Compute amplitudes in terms of reduced matrix elements to first
order in U-spin breaking by m;.

Apokin = N(To+eTh)
Apo -+ = (To—eTh)
Apo - = +MTo—¢ Py) + X° Py
Apoynin- = —MTo+e P )+ N Py
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AU = 0 Rule

Compute amplitudes in terms of reduced matrix elements to first
order in U-spin breaking by m;. AU =0

Apokin = N(To+eTh) Broken

Apo-mr = (To— ngf Penguin

Apokik-=4+MNTo—e PL)+ X° Py

A = MTo+eP )+ NP AU=0
DO—mtp— — ( ot+er ) + 0 Penguin

N
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AU = 0 Rule

Compute amplitudes in terms of reduced matrix elements to first
order in U-spin breaking by m;. AU =0

Apo_iin— = N(To+eTh) Broken

Apop-me = (To— ngf Penguin

Apokik-=4+MNTo—e PL)+ X° Py

A = MTo+eP )+ NP AU=0
poorrn- = —MTo+ePy) + 0 Penguin

Idea:

e AU = 0 penguins Py and P; are enhanced by factor ~ 5.

e This is a non-perturbative QCD effect: ‘penguin enhancement’.
This is consistent with all the data, including AAcp and U-spin
sum rule!
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AU = 0 Rule
Compute amplitudes in terms of reduced matrix elements to first
order in U-spin breaking by m;. AU =0

Apo_iin— = N(To+eTh) Broken

Apop-me = (To— ngf Penguin

Apokik-=4+MNTo—e PL)+ X° Py

A = MTo+eP )+ NP AU=0
poorrn- = —MTo+ePy) + 0 Penguin

Idea:

e AU = 0 penguins Py and P; are enhanced by factor ~ 5.
e This is a non-perturbative QCD effect: ‘penguin enhancement’.
This is consistent with all the data, including AAcp and U-spin

sum rule!
Question: Can we extend this to full SU(3) picture? If we do, we

expect more sum rules. 1
/29‘
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Plan

® Some Motivation
® Warm-up: U spin and AU = 0 rule

« Flavor SU(3) picture

o Formalism
o Isospin Probes
o Rate sum rules
o Predictions
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Formalism

Interested in relations involving amplitudes
Ao = (MoNs|H|D, ) .

M., Ng and D, are pseudoscalar or vector meson states
embedded into SU(3) irreps. ¢ ~ (u, d,s) and

12
Dean Robinson djr233@cornell.edu SU(3) Sum Rules /29‘



Formalism
Interested in relations involving amplitudes
Ao = (MoNs|H|D, ) .

M., Ng and D, are pseudoscalar or vector meson states
embedded into SU(3) irreps. g ~ (u, d, s) and

DO
D=|D"|, Pr=m, Vi =¢1,
DS
1 1 + +
/270 + %7]8 ™ K
- _1 1, 0
Py = m ﬂﬂ'o -;— \/67)8 K :
K~ K — \/gf]g
%po + ﬁ(x@ pt K*+
— 1 i/ 0
V8 f— /) 7ﬁp0+ \/6{""8 K*
K*— KXO — \/%Wg
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Formalism

Wigner Eckart Theorem

Amplitudes = Z RMEs x Clebsch-Gordan
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Formalism

Reduced Ma-
trix Element SU(3) Invariant/

Wigner-Eckart Th'm f\—J Clebsch-Gordan
Au—>a6 = Z Xw (CW)aﬁu /\—J

oM i Nk LgpLpn
(Cw)a,é’u - W lA/LNI qu,,.qu y .

NB: by completeness H =" X, Cy.
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4-Quark Hamiltonian
Here 4-quark Hamiltonian, with g ~ (u, d, s)
Ho =Gqqc ~ 3, ®3; ®6 @ 15

Hy breaks SU(3)!

CF, SCS and DCS
Penguin

Under C-G decomposition, obtain non-zero components, e.g.

[15]3, = %[(ES)(HC) +(ds)(Te)] = VisVeg/2 = —N°/2

15
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SU(3) Breaking

Dominant breaking from s-quark mass

1 0 O
ms = ¢ 0 1 0 , €~0.2.
0 0 -2

Also isospin breaking,

1 0 O
m=46[0 -1 0, d=(my—mg)/Ngca ~ 1%,
0 0 O

Hamiltonian
H = H0+ H0m5+H0m,+....

Note: my : SU(3) — SU(2); x U(1)gm doesn't (further) break
isospin 7
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Sum Rules
Wigner-Eckart:

17
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Sum Rules
Wigner-Eckart:

A]_ C11 X1

An an Xw

A sum rule is a symbol S:

S =0 o S =0, Y

17
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Sum Rules
Wigner-Eckart:

A]_ C11 X1

An an XW

A sum rule is a symbol S:
S =0 S PG =0, Y

O(€P) sum rule algorithm:
1. Compute linearly independent C,, valid to €P.
Find kernel (in amplitude basis).

3. Nomenclature: Sum rules generated by C, of group G are called ‘G sum

S

rules’.
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Sum Rules
Wigner-Eckart:

A]_ C11 X1

An an Xw

A sum rule is a symbol S:
S =0 S PG =0, Y

O(€P) sum rule algorithm:
1. Compute linearly independent C,, valid to €P.
Find kernel (in amplitude basis).

3. Nomenclature: Sum rules generated by C, of group G are called ‘G sum

S

rules’.

Many O(e) sum rules: 14 for PP and 27 for PV! (see 1211.3361

for a full list 17
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O(£?) Sum Rule Examples

U-spin rules:

AD0~>7r_7r+

A

Aposk-k+ | Aposp-k+

Py 22 =0

- -/4D°—>K*7r4r -

ADO_,K*—KJr ADD_m—,,Jr + ADO_,prJr o 0

—Apokr—nt + \ - h 2

~’4D°—>ﬂ'*pJr _ ~’4D0—>K*K"Jr _ -'4DU—>7r*K*Jr
A A A2

Apook-pr + =0
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O(c?) Sum Rule Examples

Other examples:

*\/E‘ADOHWSKO + Apo—scomy —V3A o+ A —0 =0

A2 A2 DO—ngK DO—moK

\/ZADJrﬁ»m)KJr _ AD*HWK* - \/ZAD‘rﬁwrmr+ +A

A2 Iy )\ D =K

+ \/ZADSJF—W\'OKJr _A

by Df KK+

=0

_ADO*W[EUJS + §AD0*>UJ5KO ADOHTjng + ADOHKOpo + \/?ADD~>715K*°
A 2 )\ V3 V22 3 )2

2 A 7o+0
7\/;ADU—W]37<O . DD_;\KOK =

19
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Mixing

Don't consider K* — K~ mixing: flavor states can be tagged.

20
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Abstract Generation

® Some sum rules can be a consequence of symmetries of H, but
not always.

21
Dean Robinson  djr233@cornell.edu SU(3) Sum Rules /29‘



Abstract Generation

® Some sum rules can be a consequence of symmetries of H, but
not always.

e |f there exists tensor T such that TH = 0, then

STZEL[CW]PUV = (TCw)app
= [T8]Z<[CW]vﬁu + [T8]g[CW]aw + TJ[CW]aﬂw
=0, Vw.
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Abstract Generation

® Some sum rules can be a consequence of symmetries of H, but
not always.

e |f there exists tensor T such that TH = 0, then

STZEL[CW]PUV = (TCw)asu
= [T8]Z<[CW]vﬁu + [T8]g[CW]aw + TJ[CW]aﬂv
=0, Vw.

e E.g. Hpis invariant under S = —AHY — X2EY + EY. A sum
rule for each (QED-appropriate) choice of afu!

o Cln-
0 = S::JFZ.fDO Cw]pafy/)\2 = —[]AAzKW T [CW]K*7r+D0 5

21
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Plan

® Some Motivation
® Warm-up: U spin and AU = 0 rule

« Flavor SU(3) picture

o Formalism
o Isospin Probes
o Rate sum rules
o Predictions
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Isospin Sum Rules

e Isospin sum rules hold to all orders of SU3) by my, i.e. to all
orders in €.

e — lIsospin sum rules valid at O(€°, §) are therefore expected
to hold to 42 ~ 107*. Very sensitive test of SM SL{3] pattern.

22
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Isospin Sum Rules

e Isospin sum rules hold to all orders of SU3) by my, i.e. to all
orders in ¢.

e = lsospin sum rules valid at O(°, §) are therefore expected
to hold to 42 ~ 107*. Very sensitive test of SM SL{3] pattern.

e Convenient way to see isospin sum rules are unbroken by mg to
all orders. Proof: If tensor T, generates sum rules under embedding
into isospin subgroup ("isospin sum rules"), then Tym? = 0. Hence
TiHo(1+ ms +...) =0.

22
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Isospin Sum Rules

e O(e% 0) for PP: (only one)

AADOA)W_‘IF*' — )\\/§AD°4>27r0 + )\\/EAD+~)1ro7r+

-1
\/ZADO—M%O + Apoyr- i+ — Apt Sy kont + V2Aprmok+
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Isospin Sum Rules

e O(e% 0) for PP: (only one)

AADOA)W_‘IF*' — )\\/EAD04)27I'0 + )\\/§AD+~>no7r+
\/ZADO—>K°7TO + Apo_sr-k+ — Ap+ kot + \/QAD+—>7r0K+

e O(e% 0°) for PV: (examples)

ADO—HF K*+ -’4D+—>K*°7r4r

-1

Apo_sroko + /2 = /2 + Apt Smok+t =0
ADO — K+ AD+ KOp+
Apo_ ko, + % + Apt okt — % =0

23
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Isospin Sum Rules

e O(e% 0) for PP: (only one)
AAD°~>7r‘1r+ — )\\/EAD04)27I'0 + )\\/§AD+~>‘N0‘K+

-1
\/ZADO—>K°7TO + Apo_sr-k+ — Ap+ kot + \/QAD+—>7r0K+
e O(e% 0°) for PV: (examples)
Ao ke Apeon
Apo_ymok-o + D :}5 K D+\_/>§K “ 4 Ap+smk=+ =0
\ADO *K‘F AD+ KU +
Apo_ ko, + % + Apt okt — % =0

e NB: Need strong phases to measure these. Can be difficult to
obtain.
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Plan

® Some Motivation
® Warm-up: U spin and AU = 0 rule

« Flavor SU(3) picture

o Formalism

o Isospin Probes
o Rate sum rules
o Predictions
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Rate Sum Rules

Wigner-Eckart for square amplitudes

2
Auas| = 33 XX (Cadasu Cor Yot

w o ow/

= Z Xu(Cu)apy

Finding C, kernel determines rate sum rules. No strong phases!

24
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O(e?) Rate Sum Rule Examples

U-spin rules

e T U e v o e
A2 A2 B A4

+ |~AD°—>K*7T+ |2

[ Apos -+ [Aposk—kt P [Aposyrt]?

+ |AD°—>K**7\'+‘2 =

A4 A2 A2

|-’4D°—>7'A'*K"‘Jr 2 _ |-'4D0—>7r*p+|2 ‘-’4D0—>K*K*‘Jr 2

|ADD—>K*p+|2 + )\4 - )\2 )\2
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O(e?) Rate Sum Rule Examples

Long Example:

[Aposr |? Aol Aok, > | Aposwks)?
A2 B A2 + A2 B A2

+ I:'ADUHKLPO‘Q _ |AD°aK5po|2] + |ADD—M7K*O 2 ‘ADUHMK*O 2 |AD0—>K*07]’|2
A2 A2 A4 A4 A4
2 2 2
+|ADU—>7]R*O + |AD°—>7T()?*D + ‘AD°—>?*01}’|
| Apo_ynsl? + | Apo_pe]? + | ADo_yimo | + | Aoy |* | [ADO o] + A D s mop0 |
A2 A2 A2 A2 A2 A2
|AD°H¢11’ |2 |AD°%wn’ |2 ‘ADOHpon’ |2
+ 2 + 2 + \2 )

Many of these modes have not yet been measured.
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U-spin

We saw amplitude and rate sum rules for U-spin. A special
property of U-spin: normed amplitude sum rules

‘AD°~/>\K—K+‘ + |ADO;\)7"_W+| = |AD0;;_K+| + |-ADO—>K*11'+|
|-ADU—>7T*K*+ |ADU—>7r*p+| |‘ADO_>K7K*Jr

[Apoossempe |+ g = e

M + [Apo_ ket = Aokt + Apeya|

A2 A A
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U-spin

We saw amplitude and rate sum rules for U-spin. A special
property of U-spin: normed amplitude sum rules

|‘AD°~;\K_K+‘ + |AD0;W_W+| = |AD0;;_K+| + |-AD0—>K*17+|
~ 4.0% £ 1.6%
| Apo_yr— i+ [ Aposm-pr| | [Apok-ke+
|AD0—>K*p+|+ _>\>2 - :\> ’ + _;\
N %1%
M + [Apo_ ket = Aokt + Apeya|

A2 A A
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Plan

® Some Motivation
® Warm-up: U spin and AU = 0 rule

« Flavor SU(3) picture

o Formalism

o Isospin Probes
o Rate sum rules
o Predictions
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Predictions
e U-spin sum rules admit the AU = 0 rule
Apo_sksier = AN TH — PE] — A5el(6* - pt
Apopipe = —A[T* + PE] — X0 0 pE

Apo ein- 2 NTH Apo pemge = T,

Apoypix- = T Apo -+ = AT,

28
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Predictions

e U-spin sum rules admit the AU = 0 rule

Apokikes = A[TH = PE] = X0 pE
Apopipe = —A[T* + PE] — X0 0 pE
Apo ein- 2 NTH Apo pemge = T,

Apospin- =TT, Apo ke = NPT,

e This picture implies

Acr(K+K™)
Acp(mtp™)

Acp(K~K*)

~ —159+£0.10,
Acp(n=p*)

~ —1.33+£0.05,
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Predictions

e U-spin sum rules admit the AU = 0 rule

Apokikes = A[TH = PE] = X0 pE
Apopipe = —A[T* + PE] — X0 0 pE
Apo ein- 2 NTH Apo pemge = T,

Apospin- =TT, Apo ke = NPT,

e This picture implies

Acr(K*K*) Acr(K-K*)
- *~_-159+4+010, —— > ~—-133+0.05,
Acp(mtp~) Acp(m=pt)

e And up to O(1)
AA%P ~/ _AACP
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Summary

e Existing data can be accomodated by SIX3] patterns
combined with non-perturbative effects.

® These same patterns of M imply amplitude and rate sum
rules: we now know what they all are for PP and PV final
states.

e Isospin sum rules are extremely sensitive to new SL{3)
sources; U-spin sum rules imply predictions for branching
ratios and AAcp in the PV system.
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Thank you!
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